Running title: Trophoblast model for early onset preeclampsia 1816150
SI Materials and Methods
Primary tissue and iPSC generation. The approach used to provide primary cultures of mesenchymal cells from umbilical cords has been described elsewhere (1) . Briefly the tissues were washed to remove blood cells and minced into fragments to deliver adherent cells by the explant method (2) . Outgrowths appeared at the periphery of the minced tissues after ~one week of culture. After 10 -11 days, the fibroblasts were passaged from the 48-well plate into T25 flasks by using TrypLE™ (Invitrogen). The cells reached confluence in the flask by ~14 days and were expanded for reprogramming to iPSC. All cultures used to provide stocks of primary cells and iPSC were performed in a tri-gas incubator set to the following conditions (5 % O2/ 5 % CO2/80 % N2).
Generation of iPSCs from umbilical cord fibroblasts with episomal vectors has also been described elsewhere (3) . In brief, a protocol developed by Okita et al (4) with episomal vectors carrying shRNA for p53 suppression and non-transforming L-MYC, in addition to the usual reprogramming genes POU5F1, SOX2, KLF4 and LIN-28, was employed to reprogram the fibroblasts. Three micrograms of the developed Y4 combination (POU5F1, SOX2, KLF4, LIN28, L-MYC and p53 shRNA) of the episomal plasmids was electroporated with a Nucleofector II device (Lonza, Basel, Switzerland) and Amaxa NHDF Nucleofector kit (Lonza) into the CTL and EOPE fibroblast cells collected from umbilical cords according to the manufacturer's instructions. After 2-4 days of recovery, cells were placed into 100 mm dishes previously coated with Matrigel (BD Bioscience, San Jose, CA). The following day the culture medium was switched to mTeSR1 (StemCell Technologies, Vancouver, Canada). Colonies resembling human ESC were mechanically isolated (around day 20 of culture) and expanded. A total of 10 CTL iPSC and 19 EOPE iPSC lines were established.
RNA extraction and processing. RNA was extracted from each of the primary fibroblast cultures and the respectively generated iPSC lines (cultured under both O2 concentrations: 4 and 20 %) in STAT60 (Tel-Test) and further purified according to the manufacturer's instructions. RNA samples were submitted to the University of Texas Southwestern Medical Center Microarray Core Facility (https://microarray. swmed.edu/), and microarray analysis was performed with Illumina HumanHT-12 v4 expression
BeadChips. This analysis used the entire 47,159 probes on the BeadChip. Raw intensity data were background-subtracted by using BeadStudio software to generate transcriptomes for each of the cell lines (GeneSpring 12.6 software; Agilent Technologies, Inc.). A raw intensity was then assigned to each gene by taking the average intensity of all probes corresponding to a gene. The raw intensities were normalized by using the quantile normalization method. Principal component analysis was then applied to the top quartile of protein coding genes (4,186 genes) based on the variance across samples in order to provide an unsupervised clustering and visualization approach to the data. Transcriptome data from the gene expression arrays were also used to evaluate pluripotency of the hESC and iPSC lines by using the Pluritest (5) (https://pluritest.org/).
Cell culture and differentiation.
Human ESC (H1/WA01 and H9/ WA09) and iPSC were cultured in sixwell tissue culture plates (Thermo Scientific) coated with Matrigel (BD Bioscience) under an atmosphere of 5 % CO2/air at 37°C in mTeSR1 medium (STEMCELL Technologies). Cells were passaged every 5-6 days. Briefly, colonies were exposed to dispase (1 mg/mL) (STEMCELL Technologies) for 5-7 min at 37 C and then were broken into small clumps with the Stempro EZpassage (ThermoFisher) cutting tool. The method for TB differentiation has been described elsewhere with slight modifications (6) . Briefly, cells were passaged onto Matrigel coated dishes into DME/F12 medium (Thermo Scientific) with knock-out serum replacement (KOSR, Invitrogen) that had been conditioned by mouse embryonic fibroblasts for 24 h (MEF-CM) and supplemented with FGF2 (4 ng/ml). After 24 h, the conditioned medium was replaced with daily changes of non-conditioned DME/F12/KOSR medium lacking FGF2 (hESC medium), but containing BMP4 (10 ng/ml), A83-01 (1 μM) and PD173074 (0.1 μM) (BAP treatment) for up to 6 days.
These medium changes exposed the culture wells to ambient O2 conditions for a maximum of 5-6 min to minimize re-oxygenation of the low O2 cultures. CTL cultures (undifferentiated) were maintained in MEF-CM containing 4 ng/ml FGF2. After 6 days of BAP treatment, spent medium was collected for immunoassays, total DNA was isolated to determine cell density by using the Wizard® Genomic DNA purification kit (Promega, A2360), and total RNA isolated (STAT60, Tel-Test Inc.) for RNA sequencing.
Measurement of dissolved oxygen in culture media. All measurements were conducted in Columbia, MO which is at an altitude of 274 meters (= 898 ft.). Two 37 ○ C incubators, one a standard CO2 incubator (NuAire) set to provide 5% CO2 in air, and a mixed gas O2/CO2 incubator (HERAcell150) set to provide 4 % O2 were used for the dissolved oxygen measurements. Actual CO2 and O2 levels of the incubators were monitored with a Bacharach CO2/O2 Analyzer (Bacharach, Model 2830, New Kensington, PA), which was calibrated according to the manufacturer's instructions to 20.9% atmospheric oxygen before each measurement. The measured O2 concentrations were ~19% in the standard incubator and varied between 3.5-4.5% in the low O2 incubators. The dissolved O2 concentrations in media were assessed by using an oxygen polarographic electrode, Pinpoint II O2 Meter (Aquatic Eco-Systems, Inc, Apopka, FL), which provides units in mg of gas per liter of water, i.e. equivalent to parts per million = ppm. The device offsets the effects of temperature from 0 to 50°C (32-122°F) with an accuracy of ± 0.2 ppm. The experiments were carried out by placing 15 ml of medium in either a T25 vented-lid culture flask or by using 15 ml distributed equally among the wells of a 6-well plate (2.5 ml medium/well). At the end of the test equilibration period, the medium (15 ml) was collected into a 50 ml tube and the electrode inserted to a one-inch depth. The medium was gently agitated during the measurements. Values in some experiments were validated by placing the media samples in gas-tight syringes and measuring the partial pressure of O2 with an IRMA SL Blood Analysis System. Both methods provided comparable values. Also, values obtained from the 6-well and T25 culture dishes were not significantly different.
Perfusion/reperfusion rates for dissolved O2.
When culture dishes or invasion chambers are taken out of the low O2 incubator for medium changes or other manipulations, there is reperfusion of atmospheric O2, with resulting fluctuations in culture conditions. The dissolved O2 concentration of the culture medium held in 91 % N2/5 % CO2/ 4 % O2 was ~3.5 ppm at equilibrium, while it was ~7.8 ppm in air/5 % CO2 (SI Appendix, Fig. S1A ). This translates to partial O2 pressures of O2 of 58 mm Hg and 159 mm Hg, respectively. It required ~3h to reach equilibration when the medium was transferred from air/5 % CO2 to the low O2 conditions, with an ET50 (exposure time for 50 % equilibration) of ~40 min (SI Appendix, Fig. S1A ). Conversely, medium equilibrated under the low (4 %) O2 condition required ~100 min to reach equilibrium when transferred to 20 % O2, with an ET50 of 28 min (SI Appendix, Fig. S1B ). Thus, partial re-oxygenation of low O2 cultures cannot be avoided but can be minimized by controlling the exposure time outside incubators and always using medium pre-equilibrated to the designated O2 condition. For example, "refeeding" colonies can be performed in around 5 min, although passaging can take up to 20 min.
Invasion assay protocol:
A. Preparation of the invasion chambers:
1. BD BioCoat Matrigel Invasion Chambers from BD Biosciences are filled (2 ml bottom chamber, 2 ml top chamber) with pre-equilibrated culture medium (DMEM/F-12) for 2 h in incubators calibrated to provide the desired gas atmosphere (air/5 % CO2 or 5 % O2/5 % CO2/90 % N2).
2. After 2 h, aspirate the DMEM/F-12 and fill the wells with pre-equilibrated MEF-CM+ FGF2 (4 ng/ml) B. Cell culture preparation 1. The iPSC cultures were routinely cultured on mTeSR medium as previously described (6).
2. Prior to conducting invasion assays, the selected cell lines were maintained for at least two passages in respective oxygen condition (air/5 % CO2 and in 5 % O2/5 % CO2/90 % N2) on mTeSR1.
3. Prior to transfer to invasion chambers, the attached 6-day undifferentiated ESC/iPSC colonies cultured in 6-well culture dishes are rinsed twice in DMEM/F-12, Dispase solution (1 mg/ml; I ml) added and incubated with the colonies for ~7 min at 37 ° C. Incubation times vary for each cell line but are typically shorter for colonies cultured in 5% versus 20% O2. For example, 5-6 min for 5% O2 cultures is usually long enough before colonies begin to peel off the substratum. 4 . Dispase was removed and colonies gently rinsed twice in DMEM/F-12, before addition of 1 ml hESC medium conditioned by irradiated mouse embryonic fibroblasts (iMEF-CM) containing FGF2. Colonies were cut by using the Stempro EZpassage cutting tool.
5. Cells were collected by using a glass pipette, removing only the equally sized squares cut by the tool. A small aliquot (50 μl) was taken from the dissociated squares and placed in another tube before pipetting multiple times with the 200 µl tip on the pipet to break up the squares into single cells. The number of dispersed cells was counted with an automated cell counter (TC20, BioRad).
6. The suspension was shaken thoroughly. An aliquot of 5 x 10 4 cells (approx. 500 squares) was immediately removed and added to the upper compartment of each invasion chamber. There were six cultures (3 CTL and 3 BAP exposed) for each cell line. The suspension was shaken each time before the addition of further aliquots into the top chambers of additional wells. Then the plate was agitated several times from side to side (not by swirling) as it was placed in the incubator, to distribute the cell clumps evenly across the Matrigel-coated membrane. This step is particularly important to obtain reliable outcomes.
7.
After 24 h from initial plating, the medium was changed (2 ml in each chamber) to the desired treatments (iMEF-CM+FGF2 for undifferentiated CTL cultures, BAP for differentiation).
8. The medium was then changed daily for an additional 5 days. On the sixth day (7 days after initial plating, see the table below), the cells were gently washed (2 X) by placing PBS in both chambers. Rough handling was avoided so that colonies would not begin to peel from the membrane. The cells on the lower surface of the membrane were then fixed by adding 1 ml of 4 % (w/v) paraformaldehyde (PFA) to the lower chamber for 12 min. At this stage, the upper surface of the membrane was viewed and an image prepared to record whether colonies were Table   S3 . The reads were aligned to the reference human genome (hg19) by using the program HISAT2
(https://ccb.jhu.edu/software/hisat2) (7) an overall alignment of >97 % was achieved in all samples (SI Appendix, Table S3 ). The reads aligned to genes were further counted by using htseq-count tool from
HTseq software package (8) . The raw read counts for each biological replicate were normalized by gene length and then by the sequencing depth to calculate the transcripts per million (TPM) (9) . The TPM values were then log-transformed for further analysis.
Differential expression analysis.
EdgeR was used for differential expression analysis (10, 11) . The reads were normalized by using the trimmed mean of M-values (TMM) normalization method (12) . The differentially expressed genes (DEG) were defined as the genes with an absolute fold-change ≥ 1.5 and adjusted p-value ≤ 0.05.
Functional enrichment analysis. Functional enrichment analysis of gene sets was carried out by using
the Genomic Regions Enrichment of Annotations Tool (GREAT) (12) . The GO Biological Process and Disease Ontology were used for enrichment analysis using the hypergeometric statistic. The ontology terms with an FDR ≤ 0.05 and a fold-change ≥ 2 were considered significant.
Weighted co-expression network analysis. Weighted correlation network analysis (WGCNA) (13) was
used to construct a co-expression network from the gene expression data from CTL and EOPE samples.
The data from the invasion assays were used to calculate the correlation between co-expressed gene modules and invasion cell counts. The oxygen treatment, disease group information, and sex were also incorporated into the evaluation. Analysis was carried out as described previously (14) with minor modifications. Genes that had an expression level lower than 1 across all samples were removed from the analyses. Then, the top quartile of genes based on variance were selected. After that, the adjacency matrix for the selected genes was calculated by means of the signed hybrid Pearson correlation method with a soft thresholding power. The power was used to make a scale-free network (R 2 = 0.8) that retains a good number of connections. The adjacency matrix was then used to calculate the interconnectedness score (topological overlap) that was used to bundle the genes by hierarchical clustering. The hierarchical tree was further cut into gene modules by using the dynamic tree cut tool. Closely related gene clusters (Correlation > 0.75) were merged together to obtain the final gene modules (15) . The identified gene modules were decomposed such that each module was represented by its weighted expression (module eigengene) in the form of its first principal component. The correlation between the gene expression and the module eigengene defined as module membership (KME) was also calculated for each gene.
Based on the KME, the genes were assigned to modules with the correlation value greater than 0.75, thereby allowing a gene to be a part of multiple modules or multiple regulatory pathways. The significance of the association between the module and different features, including invasion cell count and oxygen treatment, was also estimated by calculating the correlation between the module eigengene and the corresponding feature. SI Tables   Table S1 . Related to Figures 1-5 and Table 1 . Short tandem repeat (STR) profiling for hESC lines (H1 and H9) and cell lines derived from explants of umbilical cords (uc) before and after conversion to iPSC. The parental primary cells are numbered 1-10 for CTL lines and A-S for EOPE lines (see Table 1 ). The number following the lower case "p" is the passage number at which the analysis was performed. The iPSC lines were named according to convention (laboratory, MR; tissue source, uc; cell line designation, 1-10 CTL and A-S EOPE; iPSC clone number, e.g, i-4; and p, passage number). The STR multiplex assay amplifies the Amelogenin (AMEL) sex-determining marker and 15 tetranucleotide repeat loci. Note that the original primary explant cells and the iPSC lines derived from them invariably show identical STR patterns. * Two PE samples I and J were from monozygotic twin boys (Table 1) . As expected, both their explant cells (ucI and ucJ) and the two iPSC lines (MRucIi and MRucJi) showed identical STR patterns. ** The genomic DNA of ucS was collected from umbilical cord tissue. Table S6 . Related to Figure 2 . The top 100 genes sorted by their module membership values (KME) in the CTL9 module. The correlation values associated with the corresponding invasion potential are listed as well as the p value and adjusted p value.
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